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The paper presents a process of cellulose thermal degradation with bio-hydrogen gener-
ation and zinc nanostructures synthesis. Production of zinc nanowires and zinc nano-
flowers was performed by a novel processes based on cellulose pyrolysis, volatiles
reforming and direct reduction of ZnO. The bio-hydrogen generated in situ promoted the
ZnO reduction with Zn nanostructures formation by vaporesolid (VS) route. The cellulose
and cellulose/ZnO samples were characterized by thermal analyses (TG/DTG/DTA) and the
gases evolved were analyzed by FTIR spectroscopy (TG/FTIR). The hydrogen was detected
by TPR (Temperature Programmed Reaction) tests. The results showed that in the presence
of ZnO the cellulose thermal degradation produced larger amounts of H2 when compared
to pure cellulose. The process was also carried out in a tubular furnace with N2 atmo-
sphere, at temperatures up to 900 C, and different heating rates. The nanostructures
growth was catalyst-free, without pressure reduction, at temperatures lower than those
required in the carbothermal reduction of ZnO with fossil carbon. The nanostructures were
investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (TEM). The
optical properties were investigated by photoluminescence (PL). One mechanism was
presented in an attempt to explain the synthesis of zinc nanostructures that are crystal-
line, were obtained without significant re-oxidation and whose morphologies are depen-
dent on the heating rates of the process. This route presents a potential use as an industrial
process taking into account the simple operational conditions, the low costs of cellulose
and the importance of bio-hydrogen and nanostructured zinc.
ª 2010 Elsevier Ltd. Open access under the Elsevier OA license.fax: þ55 4096650.
.M. Duarte Pasa).
er the Elsevier OA license.
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Due to the limited world petroleum reserves, studies have
pointed out the need to develop chemicals, fuels and mate-
rials by using renewable sources. As a consequence, estab-
lishing a new model of sustainable industry becomes
a challenge for the following years. In addition, governmental
politics, legislation and the growth of awareness towards
environmental preservation have led researchers to develop
new processes and products that minimize climate change.
The development of biomass products seems to be a short-
term alternative to fossil derivatives, aimed at mitigating this
problem.
Cellulose is an abundant and important component of
lignocellulosic biomass and is a structural component of plant
cell walls. Its primary structure is a homopolysaccharide
polymer that is composed of b-D-glucopyranose units that are
linked together by (1e4) glycosidic bonds. The conversion of
cellulose into useful chemicals and fuels through thermal
decomposition has been the target of intensive research [1,2].
During pyrolysis of cellulose, tar, char and gases that contain
H2, CO2, CO, light hydrocarbon and water vapor are produced
[3]. Additionally, tar and char gasification can occur with the
release of gases such as CO and H2. In this work the hydrogen
generated in situ during thermal degradation of cellulose led to
the reduction of ZnO to Zn(v), that solidified on the quartz tube
in a low temperature zone. Metallic zinc nanowires and zinc
nanoflowers were obtained at a heating rate of 3 Cmin1 and
10 C min1, respectively. These results confirmed that the
metallic zinc morphologies are strongly dependent on the
heating rate, which controls the release of Zn vapor and its
partial pressure in the furnace. When conventional graphite
was usedwith ZnO, for a comparative study, no reductionwas
obtained.
Nanostructured metallic zinc has great potential for prac-
tical applications [4e9] due to its intriguing electric, optical
and catalyst properties. The optical properties of nano-
structured Zn have been little published. This is due to the
surfaces of these nanostructured Zn are usually covered with
oxides during the preparation process and the contents of
oxygen promote a strong signal of zinc oxide. The lumines-
cence properties of metallic Zn nanostructures make them
potential materials for light-emitting devices and quantum
dot lasers [9]. Zincmetal is also an important precursor for the
preparation of Zn-based semiconductors, such as ZnS [10] and
ZnO [11].
Our research group published a work [12] that used bio-
pitch (solid residue from the distillation of Eucalyptus sp bio-
oil) as the carbon source with the aim of producing zinc
nanowires via a modified carbothermal route. The mecha-
nism of nanowires growth was based on the reactive biomass
carbon (coke) synthesized in the study, which was the main
agent to promote the ZnO reduction.
Recently, a paper was published concerning a process of
direct reduction of iron oxides based on steam reforming of
bio-oil [13]. The catalyst used was NieCueZneAl2O3 that was
presented as one the most suitable candidates for bio-oil
reforming, since this non-noble metal catalyst can efficiently
reform the bio-oil to H2 and CO2 at lower temperatures. Thedirect reduction of iron oxides was presented as a process with
environmental benefits in the production of metallic iron, but
they did not observe nanostructures formation and no attempt
with the nanotechnology approach was considered.
In this paper, the new green process consists in the
production of zinc nanostructures from the reduction of
ZnO through bio-hydrogen, which is generated during the
cellulose pyrolysis/catalytic reforming. This innovative
process is different from the classical carbothermal reduc-
tion route, that uses fossil carbons (graphite, coal pitch,
petroleum or carbon nanotubes), high temperatures (above
1000 C), vacuum, catalysts and templates. Thus, when the
cellulose/ZnO mixture was submitted to thermal treatment,
there was catalytic steam reforming of the volatiles that
evolved during cellulose pyrolysis which produced gases,
such as, carbon dioxide and bio-hydrogen. Furthermore,
a portion of the bio-hydrogen that was produced in situ was
used in the reduction of ZnO to Zn(v), the latter afterwards
condensed inside the quartz tube in the form of zinc
nanostructures. The H2 was the main agent to promote the
ZnO reduction in this new process, unlike CO, in the clas-
sical carbothermal reduction. It is important to point out
that the CO2 produced during this process can be recycled by
plants through photosynthesis reactions, which do not lead
to environmental problems such as the Greenhouse Effect,
thus, contributing to the development of clean technology.
To our knowledge, this is the first work in the literature of
zinc nanowires and zinc nanoflowers production through
the reduction of ZnO with gases that are produced in situ
during cellulose pyrolysis.2. Material and methods
2.1. Material
The materials used in the present work are zinc oxide (ZnO)
powder with a minimum purity of 99% (SYNTH), graphite
powder (Nacional de Grafite, 99%) and cellulose microcrys-
talline (MERK).
2.2. Thermal analysis studies
The thermal analyseswere performed in order to establish the
best temperature for the process and to obtain information
that could contribute to the comprehension of the ZnO
reduction mechanism. The pyrolysis of pure cellulose and
cellulose/ZnO (molar ratio 1:1) mixture samples was carried
out in a TG-DTA (NETZCH,model 204), inwhich all of the gases
that evolved in the TG chamber were channeled to an FTIR
spectrometer (BRUCKER, model Vector 22) with a DTGS
detector. The thermal decomposition of the samples was fol-
lowed by heating about 5.0 mg of each sample in an alumina
crucible, with nitrogen as the carrier gas at a flow rate of
150 mL min1. The samples were heated from 27 C up to
950 C at a rate of 10 Cmin1. Each IR spectrumwas obtained
by averaging 32 scans with a resolution of 4 cm1 scaling from
4000 to 750 cm1. For comparison, pyrolysis of pure graphite
and of amixture of graphite/ZnO (weight ratio 1:1) was carried
out by simultaneous thermogravimetric-differential thermal
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conditions.2.3. Hydrogen TPR tests
The evolution of hydrogen gas was monitored in a temper-
ature programmed reaction equipment (TPR, ChemBet
3000, Quantachorome) with a thermal conductivity
detector (TCD), during thermal treatment of the samples:
cellulose (60 mg) and mixture of cellulose/ZnO (60 mg/
60 mg). Each sample was packed in a quartz tube reactor.
The reactor was then placed in a furnace and heated the
temperature of 1300 C, at a heating rate of 10 C min1, and
nitrogen was used as the carrier gas (80 mL min1). The
released volatiles were cooled, condensed and separated in
a trap cooler with nitrogen. As the hydrogen is an incon-
densable gas in the analysis conditions, it was monitored
by the TCD detector. The quantitative analysis of the
released hydrogen during the treatment of samples was
done with TPR calibration equipment with previous injec-
tions of hydrogen.2.4. Synthesis of nanostructures in a tubular electric
furnace
Metallic Zn nanostructures were prepared with a fixed
amount of a mixture of ZnO powder and cellulose powder.
The powder mixture (molar ratio 1:1) was placed in a hori-
zontal electric furnace in a quartz tube (length: 1200 mm and
inside diameter: 38 mm). The furnace temperature was raised
up to 900 C using different heating rates (3 and 10 C min1).
Nitrogen was used as the carrier gas (0.7 L min1) during all of
the processes, without any reduction pressures. The temper-
ature (900 C) was held for 1 h, and the samples were allowed
to cool freely to room temperature. Dark gray and floppy
products were collected on the quartz tube wall.Fig. 1 e (a) TG, (b) DTG and (c) DTA curves of graphite,
a graphite/ZnOmixture (molar ratio 1:1), pure cellulose and
a cellulose/ZnO mixture (molar ratio 1:1), under a N2
atmosphere.2.5. Characterization of the as-synthesized products
The morphologies of the as-synthesized products were
characterized by scanning electron microscopy (SEM) with
a Philips XL 30FEG at 30 kV for the secondary electron image.
The electron microscopy measurements were obtained by
using a transmission electron microscope (Model G2-20)
operating at 200 kV. The composition analyses of the prod-
ucts were obtained by energy-dispersive X-ray spectroscopy
(EDS) with a JEOL JXA-8900RL at 15 kV and 13 mA. X-ray
diffraction (XRD) analysis was conducted on a Siemens D5000
diffractometer equipped with a Cu Ka (l ¼ 1.54178 A˚) radia-
tion tube, which operated at 40 kV and 30 mA. These
experiments were performed at room temperature with
a time constant of 0.5 s and a spinning sample holder at 60
cycles per minute, so as to prevent a preferred orientation.
The step scan was 0.05 2q/step. Crystalline phase identifi-
cation was performed by comparing the sample’s diffracto-
gram with the PDF2 database from ICDD/JCPDS [14].
Photoluminescence (PL) spectra were recorded using a Shi-
madzu RF-5301 PC spectrofluorophotometer with 325 nm
excitation source at room temperature.3. Results and discussion
3.1. TG/DTG and DTA results
The thermal degradation process was studied in low scale
using a thermobalance apparatus. Fig. 1 shows the TG, DTG
and DTA curves that were obtained using graphite, a mixture
of graphite/ZnO (weight ratio 1:1), cellulose and a mixture of
cellulose/ZnO (weight ratio 1:1). The curves (Fig. 1a and b)
show that, during the heat treatment, both the graphite and
its mixture with ZnO have similar thermal behaviors. We
observed the formation of a large quantity of solid residue
(900 C), which is due to the high thermal stability of these
compounds. These results indicate that the graphite is not
reactive and did not promote the reduction of ZnO powder
into Zn at 900 C without any reduction pressures, which is
also described in the literature [15].
The DTA curves (Fig. 1c) for graphite and graphite/ZnO
presented an endothermic peak at 100 C, which is due to
water desorption, and an exothermic peak at 800 C, which is
a consequence of ZnO structural modifications and conden-
sation/aromatization reactions in the graphite.
TG-DTG and DTA results for the cellulose and cellulose/
ZnO mixture are also shown in Fig. 1aec. According to these
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temperatures (<400 C), with the first weight loss between 30
and 130 C for both samples. This event corresponds to an
endothermic peak in the DTA curve (Fig. 1c) and it could be
interpreted as a loss of water molecules that were physically
adsorbed in the cellulose [16].
However, major weight loss was observed from 270 C up to
about 420 C, as shown in Fig. 1a and b, with a peak that is
centered at approximately 335 C. The pure celluloseDTA curve
(Fig. 1c) shows that this event is endothermic and canbe related
to its pyrolysis process. First, cellulose depolymerization reac-
tions occurred, producing CO2, CO, H2 and depolymerizing
cellulose as intermediate. Additionally, the decomposition of
depolymerizing cellulose produced CO2, CO, H2, H2O, light
hydrocarbons, tar and char. Above 420 C, the char was gradu-
ally converted to CO2, CO and H2, while the tar that was
produced could be decomposed into gases, such as H2, CH4 and
CO [17e21]. An exothermic peak centered at 670 C and a large
endothermicpeakbetween700and900 Cwereobservedon the
DTA curve (Fig. 1c) obtained for the cellulose/ZnOmixture. This
effect suggests thatmanychemical reactions occurredbetween
ZnO and the gases that were generated in situ during the heat
treatment. These reactions are different from those that
occurred during the pyrolysis of pure cellulose.We believe that
this endothermic event is related to the ZnO reduction to Zn(v)
and Zn evaporation.
In the Fig. 1a, it can be seen that, above 500 C and up to
900 C, the decomposition of the pure cellulose occurred slowly,
with formation of a solid carbon residue (6 wt.%). However, the
pyrolysisof themixtureof cellulose/ZnOyieldeda largeamount
of stable residue (about 54wt.%) thatcanbeascribed toZnOplus
carbon residue. This high residue content suggests that the
yield of Zn(v) is low in the thermobalance, but this behavior was
different when the process was carried out in the tubular elec-
tric furnace, as will be discussed (Section 3.5).
3.2. TG-FTIR results for cellulose and the mixture of
cellulose/ZnO
Cellulose and cellulose/ZnO mixture (weight ratio 1:1) were
analyzed using TG-FTIR in an attempt to identify the gasesFig. 2 e Typical FTIR spectra of the gases that evolved from (a)
under heat treatments (25e900 C, N2 atmosphere).evolved and to have a better comprehension of all the
process. Typical stack plots of IR 3D spectra from cellulose
and cellulose/ZnO are shown in Fig. 2a and b, respectively. By
comparing the figures, we observed that, when ZnO is
present (Fig. 2b), the 3D spectrum becomes cleaner in some
regions, especially at temperatures that are higher than
390 C. Some characteristic peaks of organic compounds in
the wave number interval of 2000e1000 cm1 (such as acids
(HOeC]O), aldehydes (C]O), alkanes (CeC) and ethers
(CeOeC)) almost disappeared. The absorption bands between
4000 and 3200 cm1, which are assigned to the hydroxyl
groups (eOH) and the CeH, were also reduced. This result
suggests that the zinc oxide catalyzed the degradation of the
organic volatiles that were generated during cellulose
pyrolysis.
Some spectra of pure cellulose (403 C) and cellulose/ZnO
mixture (403 C and 880 C) were presented (Fig. 3) in an
attempt to permit a more detailed comparative study.
According to Fig. 3a, during cellulose pyrolysis, a series of
peaks appears in the range of 4000e3600 cm1, consistent
with the absorption bands attributed to OeH stretching
vibrations in the gas phase of H2O. In addition, a series at
3600e3000 cm1 is attributed to the OeH stretchingmode, and
peaks at 2960 cm1, 2870 cm1 and 2730 cm1 are attributed to
the CeH stretching mode. Additionally, there are absorption
bands at ∼2350 cm1 due to CO2; at ∼2167 cm1 due to CO; at
1700e1500 cm1 due to the C]O stretching mode, which is
due to aldehydes and acid compounds; at 1470e1430 cm1 due
to the symmetric deformation of the CeH in the group
ReOCH3; and the characteristic band at ∼1170 cm1, due to
CeOeC stretching.
During the pyrolysis of the cellulose/ZnO mixture at
403 C (Fig. 3b), there is a significant decrease in the band
intensity when compared with the same characteristic bands
of the IR spectra of the gases released during the pyrolysis of
pure cellulose (Fig. 3a) at the same temperature. Thus, the
ZnO promoted the conversion of the oxygenated compounds
into CO2 and H2. The CO2 (band 2350 cm
1) is present as the
main component in the FTIR spectra, as shown in Fig. 3b and
c. Although H2 has no IR absorption and cannot be detected
using FTIR, we believe that this gas is present in highcellulose and (b) a cellulose/ZnO mixture (molar ratio 1:1)
Fig. 3 e FTIR spectra of the gases that were released during
pyrolysis of the cellulose at (a) 403 C, as well as the
cellulose/ZnO mixture at (b) 403 C and (c) 880 C.
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tive. Aiming to monitor the H2 generation, TPR tests were
performed.3.3. Hydrogen TPR tests
The release of H2 during the thermal treatment of the cellulose
and cellulose/ZnO mixture was monitored by TPR equipment
and the obtained results are displayed in Fig. 4a. It is possible
to observe that the release of hydrogen by the cellulose
sample occurred through multiple events within the temper-
ature range of (500e1000)C, although the signal was more
intense within 700 and 900 C. On the other hand, in the
presence of ZnO, cellulose presented three peaks in the TPR
profile. The TPR signal peaks for the cellulose/ZnO mixture
appear at approximately 370 C, 480 C and 860 C. Therefore,
during thermal treatment of cellulose in the presence of ZnO
the hydrogen release occurred within considerable lower
temperatures and in larger quantities when compared to pure
cellulose. However, Fig. 4b shows the obtained results after
the quantitative analysis of the experiments, and it reveals
that the released quantity of hydrogen (mmol H2/g cellulose)Fig. 4 e (a) H2 TPR curves and (b) H2 evolved during thermwhen the cellulose/ZnO mixture is submitted to thermal
treatment was of approximately 45% higher in comparison to
pure cellulose. Therefore, additional reactions occurred in
which they were catalyzed by ZnO and generated more
hydrogen, including in lower temperatures. It is important to
recall that the mass of cellulose in the experiments were the
same for both samples. As the atmosphere produced in situ is
reductive, only this way the reduction of ZnO to Zn can occur,
it is also possible to say that the quantity of bio-hydrogen
produced is higher than the amount of carbon dioxide, though
they were not quantified.3.4. Characterization of the as-synthesized metallic
products
The process was performed in bench scale using an electric
furnace. Dark gray and floppy products were collected on the
quartz tube wall of the electric furnace and were character-
ized by X-ray diffraction. Fig. 5a and b shows X-ray diffraction
measurements of the as-synthesized metallic products
obtained at heating rates of 3 and 10 C/min, respectively. The
XRD patterns reveal diffraction peaks at 2q values of 36.27,
39.03, 43.15, 54.37, 69.98 and 70.62 that correspond to the
(002), (100), (101), (102), (103) and (110) planes, respectively,
which can readily be indexed to hexagonal Zn from ICDD-
JCPDS [14]. However, a weak diffraction peak centered at 32
should be noted in Fig. 5b since it corresponds to the plane
(100) in the hexagonal wurtzite ZnO phase [22]. Additionally,
peaks centered at 38 and 44 (denoted by *) were observed for
both samples, suggesting the presence of elemental carbon
and carbonate species, respectively. However, these peaks
were more intense in the product’s diffractogram obtained at
higher heating rate (Fig. 5b).
The peaks centered at 36.27 and 39.03 2q (denoted by D)
are shown in Fig. 5a and b; they have a similar intensity, but
there is a preferential orientation when compared with the
standard data for metallic Zn. This suggests that the crystal-
lites interferewith the reflection planes. By analyzing the peak
centered at 39.03, we note that the sample that was obtained
at 3 Cmin1 has a higher orientation degree when compared
with the as-synthesized product at 10 C min1; and this is
probably due to the additional contribution of its morphology.al treatment of cellulose and cellulose/ZnO mixture.
Fig. 5 e XRD patterns of the as-prepared products
synthesized with heating rates of (a) 3 C minL1 and (b)
10 C minL1.
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Fig. 5a are a ¼ 0.2673 nm and c ¼ 0.4954 nm, while in Fig. 5b,
they are a ¼ 0.2663 nm and c ¼ 0.4947 nm. These results are in
accordance with the lattice constants a ¼ 0.2665 nm and
c ¼ 0.4947 nm in the standard data for metallic Zn, and they
still demonstrate that as-synthesized metallic Zn nano-
structures are highly crystalline.
The scanning electron microscopy (SEM) images in Fig. 6a
present a general view of the morphology of the products that
were obtained with a heating rate of 3 C min1. There isFig. 6 e SEM images of the as-deposited Zn (a) nanowires with
rate of 3 C minL1 and (c) EDS spectrum recorded from the nan
a heating rate of 10C minL1, at both (d) medium and (e) high m
nanoflowers.a large quantity of entangled and curved wire-like structures
and a few isolated structures in sheet-like shapes. Fig. 6b
shows that the nanowires have a serpentine geometry with
sharp turning angles and irregular diameters over their entire
lengths. In general, the lengths of the nanowires are several
micrometers, while their diameters are between about 75 and
135 nm. The EDS spectrum (Fig. 6c) indicates that the nano-
wires are mainly constituted by zinc, but there is a small
amount of oxygen.
The morphology of the nanostructures that were obtained
with the higher heating rate (10 C min1) is shown in Fig. 6d
and e. From the SEM observations, the product contains
numerous flower-like aggregates with multiple leaves, and
almost all of them show the same morphology (Fig. 6e). Each
flower is made up of many thin nanosheets and careful
examination reveals that these nanosheets have different
lengths andwidths and are about 35-nm thick. The EDS image
shown in Fig. 6f reveals that the flowers basically consist of
zinc; however, weak characteristic peaks of the elements
carbon and oxygen are observed, indicating the presence of
impurities as also shown by the X-ray results.
The nanowires and nanoflowers were investigated by TEM.
Fig. 7a shows a typical TEM image of the Zn nanowires, which
have a curved shape and irregular diameters through their
entire length. The TEM image of a Zn nanoflower is provided in
Fig. 7b, presenting the detailed form of the sheets. The high-
resolution (HR) TEM images were obtained from select regions
of the nanowires and nanosheets, as shown in Fig. 7c and d,
respectively. The HR-TEM results reveal lattice fringes with a d-
spacing of 0.244 nm for the nanowires (Fig. 7c) and 0.214 nm for
the nanosheets (Fig. 7d), which agree with the respective (002)
and (100) planes that are present in metallic Zn.
The optical properties of the as-synthesized Zn nanoflowers
were investigated by PL, these products were chosen due to
their high homogeneity. Photoluminescence (PL) spectra of
Zn nanoflowers and bulk Zn were measured at the samesome nanosheets and (b) nanowires obtained at a heating
owires. SEM images of the Zn nanoflowers, obtained at
agnifications and (f) EDS spectrum recorded from the
Fig. 7 e TEM images showing Zn (a) nanowires and (b) nanoflowers. HR-TEM images (c) and (d) are obtained from selected
regions of the (a) nanowires and (b) nanoflowers, respectively.
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revealed that both spectra presented PL emission peaks
centered at 378 nm, characteristic of metallic zinc [23]. There-
fore, the spectrum of the Zn nanoflowers demonstrates a very
prominent PL emission peak at 379 nm (Fig. 8b). It is interesting
to note that the PL peak at 379 nm coincided in position with
the UV peak of sintered ZnO [24]. According to Chang [24], this
PL peak at 379 nm is attributed to the direct recombination of
electron and holes across the band gap of ZnO. It is possible due
to the partial re-oxidation of the surface of Zn nanoflowers.3.5. The mechanism of ZnO reduction and Zn
nanostructures growth assisted by cellulose pyrolysis
Themechanism of Zn nanostructures formation is proposed as
per the following description. At high temperatures
(700e900 C), ZnOpowder is reducedbyhydrogen released in situ
during the cellulose thermal degradation, generating Zn vapor.
The vaporized Zn is carried to a relatively low temperature zone
and then solidifies on the quartz tube wall as zinc nano-
structures by a vaporesolid (VS) process. Thus, the reduction of
ZnO to Zn(v) by the bio-hydrogen is presented by eq (1):ZnO(s) þ H2(g)/ Zn(v) þ H2O(v) (1)The yields of Zn nanostructures produced in electric
furnace were evaluated. The Zn mass balance revealed that
the process performed at low heating rate yielded 31% of Zn
nanowires and about 69% of Zn that remained as solid residue
constituted by ZnO. The process carried out at high heating
rate yielded 22% of Zn nanoflowers and 78% of residual Zn,
that also stayed as ZnO, as confirmed by X-ray analysis.
Considering the significant amount of Znmaterial that was
collected in the quartz tube, we believe that the reduction
reaction was favored by kinetic parameters, resulting in
a higher yield when using the tubular furnace instead of
a thermobalance (Fig. 1a presents high content of residue for
cellulose/ZnO mixture, indicating small amount of Zn(v) and
as consequence, low yield of Zn nanostructures).
The better results obtained in the tubular electric furnace
can be explained by the following: a) the carrier effect due to
the gas flux through the sample; b) the longer residence time
of the gases in the presence of ZnO in the furnace, due to the
high quartz tube length; c) the higher Zn partial pressure; and
d) the heat treatment at 900 C for 1 h (plateau temperature).
Zn nanoflowers structures were obtained due to the high
abundance of Zn as a consequence of the rapid heating rate
(10 C min1). As the heating rate decreases (3 C/min), the Zn
vapor pressure also decreases and forms Zn nanowires
350 375 400 425 450
PL
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Fig. 8 e Photoluminescence spectra of bulk Zn (curve (a))
and Zn nanoflowers (curve (b)) obtained with an excited
wavelength of 325 nm.
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ZnO(s) into vaporized Zn is enhanced by increasing the heating
rate, whereby the lower the Zn pressure vapor is, the finer the
growth structure will be.
The literature includes studies on the catalytic steam
reforming of biomass-derived oxygenates as an alternative to
hydrogen production [25,26]; however, fewworks present ZnO
as one component of the binary catalysts. Methanol reforming
with catalysts such as CuO/ZnO [27] and Pd/ZnO [28] resulted
in CO2 and H2 production without CO formation.
Although pure ZnO was used in our process, the results
obtained were similar to those described in the literature
[27,28], because was obtained only CO2(g) and H2(g), but in our
case the H2(g) was present in higher concentration and
promoted the ZnO reduction to Zn(v) as presented in eq (1).
Recently, our group published a paper about the produc-
tion of zinc nanowires using a reactive carbon, synthesized
from Eucalyptus sp bio-oil pitch (a kind of thermoplastic lignin)
as a substitute for graphite in a new carbothermal reduction
process [12]. The renewable precursor has an aromatic
structure and produced a significant amount of carbon
(30 wt.%). This special reactive carbon was used to promote
the ZnO reduction to Zn(v) that was condensed as Zn nano-
wires, without nanoflowers production. The process was
different than the mechanism present here.
In the present paper, the cellulose pyrolysis produced
oxygenated compounds with a chemical formula of CnHmOk
and water, which reacted in the presence of the ZnO catalyst,
and produced CO2(g) and H2(g). The reactions are presented in
eqs (2), (3) and (4):
Complete steam reforming:
CnHmOk þ (n  k) H2O/ nCO þ (n þ (m/2)  k) H2 (2)
Shift reaction:
nCO þ nH2O4 nCO2 þ nH2 (3)Total reaction (Eqs. (2)þ(3)):
CnHmOk þ (2n  k) H2O4 nCO2 þ (2n þ (m/2)  k) H2 (4)
These reactions for the catalytic steam reforming of
oxygenated compounds are discussed by Wang et al. [29] and
can explain some important points in our process. The global
equation (Eq. (4)) shows the following: a) the reason for the
absence of CO(g) in the gases that were generated during
cellulose pyrolysis; b) H2 generation; c) the reason why we can
reduce ZnO to Zn by considering Eq. (1); and d) the reason the
as-synthesized Zn nanostructures did not suffer re-oxidation,
because the amount of hydrogen was higher than the dioxide
carbon concentration, even though there was a high CO2
content in the furnace, as shown by the FTIR results. The last
consideration indicates that the amount of hydrogen that was
generated was very high and suggests the possibility that it
could be utilized as a biofuel in an industrial integrated process.
The mechanism that we proposed for ZnO reduction can be
corroborated by the TG-FTIR results. It is clear, comparing
Fig. 2aeb, that the characteristic peaks of water (4000-
3600 cm1) and oxygenated compounds (2000-1000 cm1) are
reduced when ZnO is present. The synthesized H2 (Eq. (4)) is
used to reduce the ZnO (Eq. (1)). The consumption of H2 in the
ZnO reduction (Eq. (1)) causes the dislocation of the equilibrium
in reaction Eq. 4, with more and more hydrogen production.
To our knowledge, this is the first time that Zn nano-
structure production has been described in the literature for
a process that is assisted by cellulose pyrolysis and the cata-
lytic reforming of oxygenates.4. Conclusions
Cellulose was first used to obtain zinc metallic nanowires and
nanoflowers by the catalytic reforming process. This manu-
script presents a new environmentally friendly process to
obtain zinc nanostructures and bio-hydrogen from cellulose/
ZnO thermal degradation. The CO2 is another by-product of
the process, which can be recycled via photosynthesis during
cellulose production, which mitigates environmental prob-
lems. The direct reduction of zinc oxide was assessed due to
the hydrogen that was released during steam reforming of the
oxygenated compounds generated during cellulose pyrolysis,
producing zinc nanostructures.
Themorphology of the synthesizedproducts is related to the
heating rate of the process, and as consequence, to the metal
vapor pressure. The XRD and TEM results confirmed the high
purity andcrystallinityofnanostructures. PLspectrumof theZn
nanoflowers exhibited a prominent peak at 379 nm (UV region).
This “green route” can also be investigated as an alterna-
tive for the production of ZnO and other metallic oxides
nanostructures, with oxygen insertion into the furnace
chamber during metal vapor generation.
The process also suggests that ZnO is an efficient catalyst
in a large scale production of bio-hydrogen, with a competitive
cost in comparison to fossil fuels, considering the simple
apparatus used, the soft experimental conditions and the high
abundance and low price of cellulose such as industrial and
crop residues.
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